We analyzed the Sr isotope and trace element compositions of the post -caldera volcanic products of Aso volcano in central Kyushu, with the aim of investigating the genetic relationship between the last caldera -forming (Aso -4) magmas and post -caldera magmas. The 87 Sr/ 86 Sr ratio of the magmas drastically changed from the homogeneous (0.7041 -0.7042) caldera -forming stage to the heterogeneous (0.7040 -0.7044) post -caldera stage. In addition, the obtained geochemical data suggested that the Aso -4 magma did not contribute to the origin and compositional evolution of the post -caldera magmas. These observations indicated that the generation of postcaldera magmas was probably independent of the Aso -4 magma.
INTRODUCTION
Large -scale caldera -forming pyroclastic eruption is one of the most catastrophic volcanisms on Earth, and hence, understanding the magmatic evolution processes related to the volcanism involving caldera formation is a critical issue. Geochemical data pertaining to post -caldera magmas are expected to provide key information about the magmatic evolution process and magma plumbing system after the formation of caldera.
Aso volcano, situated in central Kyusyu, Japan, is characterized by two different types of volcanisms: caldera -forming explosive Plinian -to -ultra -Plinian eruptions (Aso -1 to Aso -4, from 270 ka to 89 ka) and post -caldera extrusive volcanic activities (<89 ka) (Ono and Watanabe, 1985) . Watanabe (1983, 1985) carried out detailed geological studies and pointed out that the compositional cycles (rhyolitic to basaltic or vice versa) recognized in the caldera -forming pyroclastic products reflect the presence of a single compositionally stratified magma chamber. Hunter (1998) and Kaneko et al. (2007) argued that the compositional diversity of caldera -forming products was due to several intracrustal processes (magma mixing, crustal assimilation, and fractional crystallization) occurring in a huge single -zoned magma chamber, on the basis of detailed petrological and isotopic data. In addition, Kaneko et al. (2007) estimated the dimension of the magma chamber of Aso -4 (the latest caldera -forming eruption) to be 200 km 2 (roof area) × 10 3 m (thickness), on the basis of the dense -rock -equivalent volume of the erupted magma and the negative gravity anomaly observed inside the Aso caldera. The estimated roof area of magma chamber (200 km 2 ) shares nearly the half of the present caldera floor area of Aso volcano. In the post -caldera stage (after 89 ka), various types of magmas were extruded from more than seventeen observable vents in the caldera (Watanabe, 2001; Miyoshi et al., 2005) . Ono and Watanabe (1983) presumed that the collapse of a large single magma chamber in the caldera -forming stage resulted in the formation of multiple small discrete magma chambers in the post -caldera stage, because each post -caldera vent would have released magmas with dif-ferent compositions. Miyoshi et al. (2005) supported this multiple -magma -chamber hypothesis by performing simple model calculations using petrographic and trace element data pertaining to the post -caldera volcanic products. Geophysical studies revealed low -velocity anomalies in the middle -to -shallow crust beneath the Aso caldera, indicating the possible presence of two magma chambers (Sudo and Kong, 2001; Abe et al., 2010) .
However, the genetic relationship between the postcaldera and the latest caldera -forming magmas (Aso -4) still remains unclear. In order to determine this relationship, we identify the additional trace element and Sr isotope compositions of the post -caldera volcanic products.
SAMPLES
Compositionally diverse samples of basalts, andesites, dacites, and rhyolites collected from eight different units of the post -caldera volcanic products were analyzed (Fig. 1) . The andesites were classified as porphyritic andesite and aphyric andesite. The rhyolites were classified into biotite (bt) -rhyolite and pyroxene (px) -rhyolite on the basis of the presence and absence of biotite phenocrysts, respectively. The rock types, eruption ages, phenocryst assemblages, and unit names of these rock samples are shown in Table 1 .
BULK-ROCK GEOCHEMISTRY
The major element, trace element, and Sr isotope compositions of the analyzed samples of the post -caldera volcanic products are presented in Table 1 . The major element compositional range of the post -caldera volcanic products (47 -71 wt% SiO 2 ) is comparable to that of the calderaforming Aso -4 pyroclastic flow deposits (49 -70 wt% SiO 2 ). The compositions of the post -caldera and calderaforming volcanic products are strikingly similar and show identical trends, i.e., the composition shifts from the medium -K field to the high -K (or Shoshonite) field with an increase in the silica content (Fig. 2) .
The trace element patterns show that the incompatible element contents of the post -caldera silicic rocks (from andesite to rhyolite) are significantly higher than those of the basaltic rocks (Fig. 3) . The post -caldera dacites and rhyolites indicate negative anomalies in Sr and Eu, whereas the basalts and andesites indicate clear positive Sr and subtle negative Eu anomalies. The patterns of the post -caldera volcanic products overlap with those of the caldera -forming Aso -4 pyroclastic flow deposits (Fig.  3) .
The
Sr ratios of basalt and aphyric andesite are lower (<0.7041) than those of the other silicic samples (>0.7042) (Fig. 4a) . These Sr is observed in the case of the post -caldera volcanic products (Fig. 4b) . Sr ratio of the magmas drastically changes from relatively homogeneous to heterogeneous after caldera formation (Fig. 4b) . In particular, the post -caldera silicic products show significantly higher 87 Sr/ 86 Sr than do the Aso -4 pyroclastic flow deposits (Figs.  4a, 5a , and 5b), although the petrographic characteristics, major element compositions, and trace element compositions of these volcanic products are quite similar (Ono and Watanabe, 1985; Miyoshi et al., 2005; Kaneko et al., 2007, Figs. 2 and 3) . The positive correlation between 87 Sr/ 86 Sr and SiO 2 contents observed in the post -caldera volcanic products (Fig. 4a) Sr ratio of these post -caldera silicic magmas indicates that the degree of crustal assimilation (mixing between basalts and partial melts of silicic upper and mafic lower crusts) is greater than that in the case of Aso -4 magma generation (Figs. 5a and 5b) . Figure 5b indicates that post -caldera andesites and dacites cannot be generated by simple binary mixing of Aso -4 dacites -rhyolites The major elements of AS -OT and ASK333 were determined by using an XRF Rigaku RIX2100 spectrometer at Fuji Tokoha University, by adopting the methods proposed Sano et al. (2002) . The trace elements of AS -OT, ASK333, AS041, and AS091 were determined by inductively coupled plasma -mass spectrometry (ICP -MS; Thermo -Electron PlasmaQuad3), using the methods proposed by Chang et al. (2003) . The data for AS076, AS079, AS034, and Vb -01 were obtained from Miyoshi et al. (2005 Miyoshi et al. ( , 2007 . Fe 2 O 3 * , total Fe as Fe 2 O 3 . Sr isotope compositions were measured by thermal ionization mass spectrometry (TIMS; Finnigan MAT 262) at Beppu Geothermal Research Laboratory, Institute for Geothermal Sciences, Kyoto University, using the methods proposed by Yoshikawa et al. (2001) and Shibata et al. (2007) . The normalizing factor used to correct isotopic fractionation in the mass spectrometry analysis for Sr isotopes was 86 Sr/ 88 Sr = 0.1194. Measured ratio for standard NIST987 was 0.710264 ± 30 (2σ , n = 84). Sources for the eruption ages (ka) were Ono and Watanabe (1985) , Matsumoto et al. (1991) , and Miyabuchi et al. (2004a Miyabuchi et al. ( , 2004b . P.A., Phenocryst assemblages. Abbreviations: VB., volcanic bomb; Px., pyroxene; Bt., biotite; Rh., rhyolite; Dac., dacite; An., andesite; Bas., basalt; Aph., aphyric; Porph., porphyritic; Ol, olivine; Op, orthopyroxene; Cp, clinopyroxene; Pl, plagioclase. Unit: Otg, Otogase; Tkn, Takanoobane; Ttn, Tateno; Tch, Tochinoki; Okm, Okamadoyama; Ayg, Ayugaerinotaki; Ysh, Yoshioka; Nkd, Nakadake. and post -caldera basaltic magmas. While the post -caldera porphyritic andesite is plotted in the area of crustal assimilation, aphyric andesite, dacite, bt -rhyolite and px -rhyolite are plotted outside this area (Figs. 5a and 5b) . The high 1/Sr values of the silicic products may reflect the fractionation of plagioclase because Sr is a strongly compatible element in plagioclase. The negative Sr and Eu anomalies observed in the trace element patterns of these silicic products (Fig. 3) support plagioclase fractionation. Thus, dacite, bt -rhyolite, and px -rhyolite magmas are thought to be generated by fractional crystallization after crustal assimilation (i.e., crustal assimilation and plagioclase free fractionation lead to the formation of porphyritic andesite and further plagioclase dominant fractionation causes an increase in 1/Sr through dacite -rhyolite fractionation; see Fig. 5b ). In contrast, the formation of postcaldera aphyric andesite can be explained by the fractional crystallization of basalt alone (Fig. 5b) .
DISCUSSION
These geochemical observations suggest that Aso -4 silicic magma did not contribute to the compositional evolution of the post -caldera magmas. In particular, the generation and evolution of post -caldera silicic magmas are products (Miyoshi et al., 2005 ; this study) and Aso -4 pyroclastic flow deposits (Hunter, 1998; Kaneko et al., 2007) . The plots represent low -K, medium -K, high -K, and Shoshonite rock series boundaries summarized by Rickwood (1989) . (Miyoshi et al., 2005 ; this study) and Aso -4 pyroclastic flow deposits (Hunter, 1998; Kaneko et al., 2007) . The values are normalized to normal (N) -MORB (Sun and McDonough, 1989) . Sr diagram for the post -caldera volcanic products. The shaded area shows the compositional range of Aso -4 pyroclastic flow deposits (Hunter, 1998; Kaneko et al., 2007 Sr diagram for the post -caldera volcanic products. The shaded area on the dotted line showing "caldera formation" indicates the compositional range of Aso -4 pyroclastic flow deposits (Hunter, 1998; Kaneko et al., 2007) . The sources used for estimating the eruption ages are Ono and Watanabe (1985) , Matsumoto et al. (1991) , and Miyabuchi et al. (2004a Miyabuchi et al. ( , 2004b thought to be independent of the pre -existing Aso -4 silicic magma. The drastic change in 87 Sr/ 86 Sr from the caldera -forming stage to the post -caldera stage indicates a possible change in the magma plumbing system beneath Aso volcano: conversion of a single magma chamber in the caldera -forming stage to multiple discrete magma chambers in the post -caldera stage (Ono and Watanabe, 1983) . The isotopic homogeneity of the caldera -forming Aso -4 pyroclastic flow deposits is consistent with the huge (200 km 3 × 10 3 m) single -magma -chamber model (Hunter, 1998; Kaneko et al., 2007) . In contrast, the isotopic heterogeneity of the post -caldera volcanic products indicates the possibility of regional crustal assimilation around multiple discrete magma chambers.
